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Abstract 
This paper explores the feasibility of employing cubic silicon carbide on silicon wafer (3C-SiC-on-Si) as a vertical 
cantilever for the piezoelectric-based energy harvesting in the d31 mode intended for the extreme environments. 
100nm thick 3C-SiC layer is plasma-etched out of the <100> silicon (Si) wafer and is employed as a bottom 
electrode, 1μm thick Aluminum nitride (AlN) as a piezoelectric thin film (active layer) and 50nm thick Molybdenum 
is sputtered on top of the cantilever structure as a top electrode. The length and width of the cantilever beam are 
400μm and 30μm, respectively. The performances of the energy harvester using 3C-SiC and Si as bottom electrode 
and substrate are simulated and compared. The generated output voltage at 1KΩ load resistance is 7.85 times higher 
for the 3C-SiC based device. Additional tests at higher temperatures show 3C-SiC superior performances in terms of 
generated power and material strength. 
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
    The emergence of low power wireless electronics and its applications prompt the active research in 
finding the alternative power sources to enable long term operations and its employment in remote and 
hard to reach locations such as internal combustion engines. Different ambient energy sources are 
available in environment for harvesting energy such as solar, thermoelectric, acoustic and mechanical 
vibrations. Among these, the mechanical vibration energy source has the highest ability to power low 
power wireless electronic devices [1].  
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    Mechanical vibration has three transduction mechanisms namely piezoelectric, electromagnetic and 
electrostatic [2]. Piezoelectric is the most promising solution for powering low power wireless electronic 
devices and ability to generate maximum power for a given size [3]. 
    Silicon (Si) based cantilever piezoelectric energy harvesters have been investigated in many research 
works and some of them are briefly mentioned here. In one such works, Si-based cantilever piezoelectric 
energy harvester used lead zirconate titanate (PZT) as piezoelectric material, platinum/titanium (Pt/Ti) 
used as electrode and nickel (Ni) as proof mass, which generates 2.16μW power [4]. Similar work 
employed the same materials for cantilever array piezoelectric energy harvester to produce 3.98μW 
power [5]. Two more research works on cantilever piezoelectric energy harvester were also implemented 
using Si substrate with Si as proof mass and generated 2.15μW [6] and 0.32μW [7]. 
    However, none of the stated research works addressed the issue of extreme environment conditions 
such as higher loads and temperatures, as conventional Si technology will not be operational beyond 
500oC [8]. The ability to withstand these extreme conditions is possible with silicon carbide (SiC). Table1 
shows the material properties of 3C-SiC and Si.  
Table 1. Mechanical and Electrical Properties of 3C-SiC and Si 
 
 
 
 
 
 
 
    This article explains the development of cantilever piezoelectric energy harvester based on two 
different substrates and to compare their performances. Section 2 presents mathematical modeling for 
cantilever beam to determine the generated output voltage. Section 3 discussed about finite element 
simulation setup in detail for modeling the 3D cantilever beam. Section 4 compares the performance of 
cantilever piezoelectric energy harvester based on 3C-SiC and Si substrates. Finally this paper is 
concluded based on the best performance of cantilever piezoelectric energy harvester at extreme 
environment conditions. 
2. Mathematical Modeling 
 
 
 
 
 
Fig.1Unimorph piezoelectric cantilever structure in 2 Dimensional 
Parameter 3C-SiC Si 
Density [Kg/ଷ] 3100 2330 
Young’s Modulus [GPa] 440 160 
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Fracture Toughness [ MPa·ଵȀଶ] 
Hardness [GPa] 
Ultimate Tensile Strength [MPa] 
Energy Band Gap [eV] 
Breakdown Field [MV/cm] 
Mechanical Temperature operating range [°C] 
Electrical Device temperature limitation [°C] 
0.14 
3.3 
22..9 
3440 
2.4 
1 
<ͳ͵ͲͲ௢ 
<͸ͲͲ௢ 
2.4 
0.7 
12.0 
7000 
1.1 
0.25 
<ͷͲͲ଴ 
<ͳͷͲ௢ 
1167 Jagan Mohan Reddy Kudimi et al. /  Procedia Engineering  47 ( 2012 )  1165 – 1172 
    2D unimorph piezoelectric cantilever beam is shown in fig.1, consisting of three layers i.e., 
piezoelectric layer, substrate/bottom electrode and top electrode. Cantilever is fixed at one end at x=0 and 
free at another end at x=L. The length of cantilever is ‘L’ and width of the cantilever is ‘w’. The length 
and width of the cantilever is identical for all three layers except for their thicknesses. The thickness of 
the substrate/bottom electrode, the piezoelectric and the top electrode layers are denoted asୱ, ୮ and ୣ, 
respectively. The direction of the length is poled along the x-axis and the thickness is poled along the z-
axis. The neutral plane of the cantilever is denoted as୬. The Young’s modulus of the substrate/bottom 
electrode, the piezoelectric and the top electrode are represented as ୱ , ୮and ୣ , respectively. The 
constant force, F is applied on the cantilever tip or the free end of the cantilever in ଷଵvibrational mode. 
The neutral plane position [9] is shown as  
 
                                                               ׬  ቀ୸ି୲౤୰ ቁ  ൌ Ͳ
୫ୟ୶
୑୧୬                                                                     (1) 
 
where ‘r’, the radius curvature of the cantilever is shown as 
 
୬ ൌ ି୉౩୲౩
మା୉౦୲౦మା୉౛ሺ୲౛మି୲౦మሻ
ଶሺ୉౩୲౩ା୉౦୲౦ା୉౛൫୲౛ି୲౦൯ሻ                                                       (2)  
The bending modulus per unit width [9] of the cantilever is expressed as 
 
                                                              ൌ ׬ ሺ െ ୬ሻଶ୫ୟ୶୫୧୬                                                     (3) 
 
 ൌ ଵଷ ቀୱୱଷ ൅ ୮୮ଷ ൅ ୣ൫ଷୣ െ ୮ଷ൯ቁ ൅ ୬ ቀୱୱଶ െ ୮୮ଶ െ ୣ൫ଶୣ െ ୮ଶ൯ቁ ൅ ୬ଶ ቀୱୱ ൅ ୮୮ ൅ ୣ൫ୣ െ ୮൯ቁ
                  (4) 
The generated electric field ‘୥’ in z-direction [10] is expressed as 
 
                                                              ୥ሺǡ ሻ ൌ ଷଵɐ                                                                             (5) 
 
where ‘ଷଵ’ is piezoelectric coefficient related to piezoelectric strain coefficient, dielectric constant of 
piezoelectric and free space permittivity and ‘σ’ is lateral stress in piezoelectric layer. Finally, the 
Unimorph piezoelectric cantilever generated output voltage per unit force is shown as 
 
                                                              
୚౗౬ౝ
୊ ൌ
୐
ଶ ଷଵ
୉౦
୵ୈ ቀ
୲౦మ
ଶ െ ୬୮ቁ               (6)  
Equation (6) states that the generated output voltage is purely depending on the cantilever beam 
dimensions, the material properties and also the applied force. 
3. Finite Element Simulation 
Two application modes are employed to model the cantilever piezoelectric energy harvester; the first is 
the structural mechanics and the second is piezoelectric. Both modes are crucial to analyze the cantilever 
beam in different environment conditions and also to determine the generated output voltage.  
3.1. Geometry  
 The 3D cantilever structure is shown in fig.2, which consists of three layers and the proof mass that is 
placed at the free end. The length and the width of the cantilever are 400μm and 30μm, respectively, 
whereas the thicknesses are varying for each layer including the proof mass that is poled along the z-axis. 
1168   Jagan Mohan Reddy Kudimi et al. /  Procedia Engineering  47 ( 2012 )  1165 – 1172 
The substrate/bottom electrode has 100nm thickness, the piezoelectric layer has 1μm thickness, while the 
top electrode has 50nm thick layer. In our design, the proof mass is added mainly to increase the 
generated output power, while decreasing the resonance frequency. The dimensions for the proof mass 
are 30μm×30μm×20μm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig. 2 Simulated cantilever piezoelectric energy harvester in 3D 
3.2. Subdomain Settings 
 The material selection is the main novelty of this design. Two different materials are employed for the 
cantilever piezoelectric energy harvester as the substrate/bottom electrode, namely the 3C-SiC and Si. 
The piezoelectric thin film is used as the active material with major advantages such as the generation of 
large motions, low hysteresis and high sensitivity with wide dynamic ranges [11]. Three major 
piezoelectric thin films are lead zirconate titanate (PZT), zinc oxide (ZnO) and aluminum nitride (AlN). 
AlN is chosen for this design due to its best compatibility and less risk of line contamination of the clean 
room. The material chosen for the top electrode and the proof mass is molybdenum (Mo), which has high 
density and ability to provide more displacement. The body load condition [12] is applied in each layer of 
the cantilever beam with an acceleration of ʹǤʹͷିଶ [13] in d31 mode.  
3.3. Boundary Settings 
 The boundary settings is concerned with the constraint condition, the surface load and the electric 
boundary condition. A fixed constraint is used at one end of cantilever beam and the proof mass load is 
applied on top surface of the electrode. The floating potential and ground are assigned to the top and the 
bottom surfaces of the piezoelectric material, respectively and both surfaces are connected to the load 
resistance of 1KΩ with the help of SPICE netlist. The remaining surfaces of the piezoelectric layer are 
assigned as zero charge/symmetry. 
3.4. Mesh Settings 
 In the mesh settings, the free mesh parameters option is chosen to mesh the 3D cantilever beam. Based 
on computational problem, the mesh size has been chosen as extreme coarse. The total number of mesh 
elements being arranged for this cantilever beam is 7118.  
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4. Results and Discussion 
    The mathematical modeling has been performed for the 2D cantilever beam without the proof mass. 
Equation (6) is used to determine the generated output voltage per unit force for 3C-SiC and Si substrates, 
which are ͸ǤͳͶ ൈ ͳͲ଺ିଵ andͷǤͻͳ ൈ ͳͲ଺ିଵ, respectively. 
 
  
(a) (b) 
 
   
   (c)      (d) 
 
Fig. 3 Cantilever piezoelectric energy harvester (a) maximum displacement at resonant frequency; (b) Generated 
power in log scale at different surface loads; (c) Power generation, (d) Maximum principal stress at extreme 
temperatures     
 
    Two types of analysis are carried out namely the Eigen and the frequency response. The performance 
of the cantilever piezoelectric energy harvester using 3C-SiC and Si as the substrates/ bottom electrodes 
are compared. The resonant frequency of the structure is 5.401 KHz and 4.702 KHz for 3C-SiC and Si, 
respectively. The maximum displacements at these resonance frequencies for 3C-SiC and Si are 6.21μm 
1.31μm, respectively, as shown in fig.3(a). The generated output voltage at 1KΩ load resistance at the 
input acceleration of 2.25 ିଶ are 6.04μV and 0.769μV for the 3C-SiC and Si, respectively. 
    A parametric sweep has been performed at different surface loads and temperatures to analyze the 
cantilever piezoelectric energy harvester at extreme environment with respect to the generated power and 
the strength, under resonance condition. Fig. 3(b) shows the generated power of the piezoelectric energy 
harvester at the applied surface load ofͲିଶͳͲͲିଶ on top electrode. Fig. 3(c) and 3(d) show the 
generated power and the material strength of both 3C-SiC and Si-based cantilever piezoelectric energy 
harvester at the temperature range of 273.15K to 1273.15K. It should become very apparent that the 
results from these four figures demonstrate that the 3C-SiC based energy harvester has superior 
performance over Si based energy harvester.   
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    Based on the mathematical and the finite element simulation results, we found that the 3C-SiC based 
cantilever piezoelectric energy harvester performs better in all aspects such as the displacement, the 
generated output voltage as well as extreme environments.  
5. Conclusion 
Piezoelectric-based energy harvesters are promising energy sources for powering low power wireless 
electronics. This paper performs the mathematical analysis and the finite element simulation modelling of 
cantilever structure on two different substrates, namely 3C-SiC and Si. The mathematical modelling 
demonstrates that the generated output voltage per unit force depends on cantilever beam dimensions, 
material properties and the applied force. Our calculation shows that the generated output voltage per unit 
force for 3C-SiC is 1.04 times higher than Si. The finite element simulation is then performed on the 
cantilever piezoelectric energy harvester with the proof mass to determine the generated output voltage at 
extreme environments. The generated output voltage at 1KΩ load resistance is 7.85 times higher for the 
3C-SiC based cantilever energy harvester compared to Si based device. 3C-SiC based energy harvester 
also outperforms Si-based prototype in extreme environment conditions.  
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Appendix A. Generated voltage derivation for Cantilever piezoelectric energy harvester 
Neutral plane position is determined by [9] 
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where ‘r’ radius curvature of the cantilever shown in equation (3)  
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Therefore position of the neutral plane is expressed as 
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Bending modulus per unit width of the cantilever is expressed as [9] 
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The lateral strain in cantilever at position ሺǡ ሻ is 
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The lateral stress in the piezoelectric layer and shown in equation 
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In thickness direction, the generated electric field in the piezoelectric layer at (x,z) is [10] 
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where ଷଵ is the piezoelectric coefficient related to piezoelectric strain coefficient d31, dielectric constant 
of the piezoelectric material ᖡ୰and free space permittivity ᖡ଴. 
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Generated voltage is obtained by integrating the generated electric field with respect to z 
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From the above equation states that the generated output voltage is purely depending on the cantilever 
beam dimensions, the material properties and also the applied force. The charge produced from 
piezoelectric material is distributed on both electrode surfaces. The generated voltage between top and 
bottom surface is equal to average of V(x) over length of piezoelectric layer L. 
                                                           ୟ୴୥ ൌ ଵ୐ ׬ ୧୬
୐
଴ ሺʹͺሻ 
                                         ୟ୴୥ ൌ ଵ୐ ׬ ଷଵ
୊୉౦
୵ୈ ሺ െ ሻ ቀ
୲౦మ
ଶ െ ୬୮ቁ 
୐
଴ ሺʹͻሻ 
                                         ୟ୴୥ ൌ ଵ୐ ଷଵ
୊୉౦
୵ୈ ቀ
୲౦మ
ଶ െ ୬୮ቁ ׬ ሺ െ ሻ
୐
଴ ሺ͵Ͳሻ 
                                        ୟ୴୥ ൌ ଵ୐ ଷଵ
୊୉౦
୵ ቀ
୲౦మ
ଶୈ െ ୬୮ቁ ቀ െ
୶మ
ଶ ቁ଴
୐
ሺ͵ͳሻ 
                                         ୚౗౬ౝ୊ ൌ
୐
ଶ ଷଵ
୉౦
୵ୈ ቀ
୲౦మ
ଶ െ ୬୮ቁሺ͵ʹሻ 
Therefore generated output voltage per unit force by cantilever piezoelectric energy harvester shown in 
equation (32) 
 
